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Introduction
Optogenetics has developed rapidly in recent years and now allows for precise, cell-type specific control of in vivo neuronal activity in virtually any brain structure (1) . Such control has been impossible with traditional stimulation techniques, such as electrical stimulation (2) . However, optogenetic techniques have not yet matured to be routinely employed in clinical applications. In addition, much of the traditional neurophysiology literature is based on electrical stimulation. It is therefore of crucial importance to understand the differences and commonalities of electrical and optogenetic brain stimulation in different model systems.
In this work, we compare electrical and optogenetic stimulation of the VTA, the origin of dopaminergic projections in the mesolimbic dopamine system. This neuromodulatory brain system plays a critical role in reward processing, learning and motivation and is associated with several debilitating diseases, for example drug abuse, depression, ADHD and OCD (3, 4) . It was one of the first systems investigated with electrical brain stimulation (5) and has been investigated in many subsequent studies using electrical stimulation. Moreover, electrical deep brain stimulation (DBS) targeting the mesolimbic dopamine system has been tried as an experimental treatment against various illnesses such as OCD (6) , depression (7) , drug abuse (8) or anorexia (9) .
Following the advent of optogenetics, the cellular circuits of the mesolimbic dopamine system have been investigated in great detail and optogenetic therapies targeted at the system are being explored (10, 11, 12, 13, 14) . However, optogenetic manipulations are also associated with specific disadvantages, such as changes in cell health, neurotransmitter production or the requirement of viral vectors and the risks of using this form of gene therapy in humans are still being investigated (15, 16, 17, 18) . It is therefore critical to understand the realistic benefits of optogenetic over electrical stimulation of the mesolimbic dopamine system. Due to this need, electrical and optogenetic stimulation have been compared in several model systems (19, 20, 21) , among them the mesolimbic dopamine system (22, 23, 24, 25, 26) . Typically, large differences were found. Such differences could be explained by electrical stimulation leading to the release of glutamate from glutamatergic cells, which-in contrast to the neuromodulator dopamine-directly drives short-latency firing in the target regions (27) . In addition, electrical stimulation could affect fibers from more posterior regions, passing close to the stimulated area or excite local GABAergic cells which in turn modulate the output of dopaminergic cells.
A major challenge in answering these questions and adequately comparing electrical and optogenetic stimulation has always been the matching of both stimulation modalities: it is unclear to what extent the large differences previously described by us and other groups are due to the fundamentally different mode of action of both techniques or due to differences in strength between optogenetic and electrical stimulation.
Here we propose a novel way of matching optogenetic and electrical stimulation of the ventral tegmental area (VTA) by using the stimulation-evoked intracranial self-stimulation behavior as readout of effective stimulation intensity. By "titrating" electrical current amplitude and optical light power at a fixed 25 Hz frequency to evoke the same self-stimulation rates, we were able to match both modalities in effective strength. We performed this comparison using an opto-stereotrode for stimulation, which further matched both modalities in regard to the exact site of stimulation in each animal. For studying the resulting brain-wide activation patterns, we intravenously injected awake unrestrained animals with the blood-flow tracer 99mTc-HMPAO during ongoing behavior and imaged the tracer-distribution using single-photon emission computed tomography (SPECT). This approach is similar in rationale to 18F-fluoro-deoxyglucose PET but provides higher spatial and temporal resolution in rodents (24) .
We performed the comparison in two different transgenic mouse lines that are commonly used in optogenetic studies of the VTA: TH::Cre mice (B6.129X1-Th(tm1(cre)Te/Kieg)) and DAT::Cre mice (B6.SJL-Slc6a3(tm1.1(cre)Bkmn/J)). While the TH::Cre mice have been used in a number of earlier optogenetic VTA studies, more recent work has shown leaky expression in non-dopaminergic cells-6 particularly GABAergic neurons-plaguing these specific lines. A significantly higher specificity for dopamine neurons is achieved in the DAT::Cre mice, which are more commonly used now as a result of these findings (28) . By investigating the affected TH::Cre line and the more specific DAT::Cre line, we aim at documenting the differences in brain-wide activation patterns caused by such differing specificity for dopaminergic neurons.
Material and Methods

Animals
Ten heterozygous DAT::Cre (C57/B6.SJL-Slc6a3tm1.1(cre)Bkmn/J) and ten heterozygous TH::Cre (C57/B6.Cg-Tg(Th-cre)1Tmd/J) mice were used. Food and water were provided ad libitum. The mice were maintained at a 12 h light/dark cycle with light onset at 6:00 a.m. and experiments were conducted during the light phase. All experiments were conducted according to the guidelines of the European Community (EUVD 6 86/609/EEC) and approved by a local ethics commission of the State of Sachsen-Anhalt.
Optrodes
Electrical and optogenetic stimulation was delivered through custom made opto-stereotrodes, constructed to stimulate the same target area both electrically and optogenetically ( Fig. 1A,B ). For bipolar electrical stimulation, two quartz glass coated platinum electrodes (95% Pt, 5% W, Thomas Recording GmbH) of 90 µm diameters were attached to the anterior and posterior side of an optic fiber (200 µm diameter, 0.37 NA, Thorlabs) terminated with a ferrule. The electrodes were cut, so that a distance of approximately 500 µm remained between fiber and electrode tip, ensuring illumination of electrically stimulated neurons (29, 30, 31) .
Monte-Carlo Simulation of Light Spread
Simulation of the illuminated tissue volume was performed in OptogenSIM (32) . Parameters were chosen based on the used optic fiber and stimulation parameters (10 mW, 473 nm, 100,000 photons, 100 µm fiber radius, 0.37 NA, defocused flat beam). The region directly above the VTA was selected as launch point, taking into account the local tissue properties (Fig. 1B) .
Surgery
Mice were anesthetized with Pentobarbital (60 mg/kg) and fixed in a stereotaxic frame. The skull was exposed and a small hole drilled above the target region. A viral vector (pAAV5-EF1a-DIO-ChR2(H134R)-eYFP-WPR-pA; 550 nl; flow rate 100 nl/min; titer: 7E12 vg/ml) was injected into the left VTA (Bregma -3.5 AP, -0.4 ML and -4.2). The optrode was lowered into the brain and fixed in position with dental acrylic (Fig. 1C ) so that the electrodes targeted the center of the injection and the fiber stayed above the tissue volume targeted by the injection. Following implantation, mice were given 3 weeks to recover and express opsin.
Intracranial Self-Stimulation
Ten DAT::Cre and ten TH::Cre mice were trained in the self-stimulation task ( Fig. 1D ). Optogenetic stimulation was performed with a train of light pulses delivered for each nose poke (5 pulses, 5 ms, 25 Hz, 473 nm, custom made laser system based on a DPSS laser (MBL-FN-473, CNI Lasers. Electrical stimulation was performed with similar trains, but replacing light with 1 ms electrical pulses (bipolar, 500 µs per phase, initial anode anterior to initial cathode, Model 2100, A-M Systems stimulator). A frequency of 25 Hz was chosen to mimic the intra-burst firing rates of dopaminergic cells in the VTA (33) , has been shown to evoke reliable self-stimulation (34) and can be reliably followed by the ChR2(H134R) opsin variant (30) .
To map the psychometric function of stimulation effectiveness over current strength and optical power, we used a protocol based on previous studies (35) . The experiment was divided into several trials that used different laser powers. Each trial was again divided into sub-trials: first, the animal was stimulated five times externally to be primed for the actual experiment and then it was allowed to self-stimulate for 7.5 min, followed by a time-out of 30 s, in which the power was adjusted for the next trial and the mouse was not able to stimulate itself. Stimulation intensity was altered in a rising and falling fashion to compensate for hysteresis effects and electrical stimulation additionally adjusted to the range optimal for each animal. Optogenetic stimulation was performed with 0.1, 0.5, 1, 2, 5 and 10 mW optical power, with the upper limit being chosen to avoid thermal effects (36) .
In order to estimate the psychometric function of stimulation strength and resultant self-stimulation, the self-stimulation data combined across intensities and separated by stimulation modality was fitted with a Gompertz growth model ( Fig. 1F ):
In this equation is stimulation intensity in units of current or optical power, is the upper asymptote of the pressing rate, is a shift parameter along stimulation intensity and is the growth rate. The Gompertz growth model was used because of its particular suitability for self-stimulation data (37) . A fitting approach is necessary due to the high variability of self-stimulation rates in individual trials, which depend on the previously tested stimulation rate and the arousal level. To match electrical and optogenetic stimulation, we determined the stimulation intensity, which evoked 75% of the upper asymptote value ( ) of pressing rate for the weaker modality. In every animal, optogenetic stimulation turned out to saturate at a lower upper asymptote, hence the 75% value was always calculated for optogenetic stimulation. Electrical stimulation was then adjusted so that its intensity corresponded to a value evoking the same pressing rate ( Fig. 1H ). These two intensities were subsequently used during SPECT measurements as behaviorally equivalent stimulus strengths.
Stimulation during Imaging
Actual pressing rate as well as the temporal pattern of lever pressing will vary in individual selfstimulation sessions, even with intensity-matched stimulation. For the individual SPECT imaging sessions, passive stimulation is the only option to achieve true equivalence in stimulation strength, stimulation rate and temporal pattern, which is particularly important for activation of the dopamine system (38) . Therefore, a pre-recorded self-stimulation train containing 417 lever presses in ten minutes was used for all stimulation during SPECT imaging in all animals. This procedure combines sub-saturating stimulus intensity with a moderate pressing rate, avoiding saturation or overstimulation but ensuring sufficient neural activity to be measured by SPECT. The modality order (optical, electrical, baseline) was randomized to cancel out confounding longitudinal effects. To obtain baseline images, animals were placed into the self-stimulation box and connected to the stimulation apparatus; however, no stimulation was administered. In order to equalize external sensory stimuli, the laser and electrical stimulator were turned on during baseline measurements.
SPECT Imaging
For SPECT imaging, the protocol of our previous study was followed ( Fig. 1E; 24 ). Briefly, following self-stimulation trainings and intensity matching, the animals underwent jugular vein catheter surgery to enable tracer injection. The animals were given at least one day to recover before imaging started. During imaging sessions, the animals were placed in a clear box, similar to the stimulation context but without a nose poke lever, and free to explore this box. For blood-flow imaging, the freshly prepared radioactive tracer 99m Tc-HMPAO in physiological saline was slowly infused through the catheter (50 MBq, 17 µl per minute). After the ten minute infusion period, the animals were scanned under gas anesthesia (1.0-1.5% isoflurane in 2:1 O 2 :N 2 O volume ratio). Imaging was performed with a four head NanoSPECT/CT™ scanner (Mediso). Before and after SPECT, CT scans were made. SPECT images were reconstructed (software provided by HiSPECT™, SCIVIS) and analyzed according to the protocol (24) .
Following acquisition, data were analyzed according to our standard protocol (24, 39) . Briefly, acquired SPECT/CT images were aligned to a mouse brain MR-template and global-mean normalized.
Afterwards, the data were manually segmented into a whole-brain volume. To further analyze and compare different rCBF images, all brain-SPECT data sets were intensity-normalized for their global mean. Voxel-wise paired t-tests were performed between experimental conditions and across all animals belonging to one group (n= 10 for DAT::Cre and TH::Cre, respectively), in accordance with standard procedure in small-animal radionuclide imaging studies (40, 41, 42) . Resulting p-maps were smoothed with a median filter (3x3x3 kernel). Brain areas were evaluated based on their locations in the Allen mouse brain atlas (43) .
To quantify the increase of activity in the nucleus accumbens, we compared the tracer content in the significant voxels under the different conditions. We created a volume-of-interest from significant voxels at the p<0.05 level centered on the activation depicted in Fig.4 and comprising the adjacent significantly activated rostral and caudal section.
Histology
After animals had undergone ICSS-trainings and SPECT imaging, they were transcardially perfused with a solution of 4% formaldehyde in phosphate buffered saline (pH 7.4). Brains were removed and post-fixed for 24 hours. Then, they were transferred into a 10% sucrose solution before being cryosectioned. Thin sections of 50 µm thickness were stained using immunofluorescence markers against tyrosine hydroxylase (primary antibody: AB152; Merck millipore, secondary antibody labeled with Alexa 576: A11071, molecular probes). Expression of opsin was evaluated from inherent eYFPfluorescence of the optogenetic construct ( Fig. 5 ). Fiber and electrode positions were reconstructed from the small lesions they left in the tissue. Microscopic images were obtained with a confocal microscope (Leica TCS SP5) and processed in ImageJ and Adobe Photoshop.
Results
ICSS.
We trained animals in optogenetic and electrical intracranial self-stimulation and measured psychometric curves of nose poke-rates as a function of current and optical power ( Fig. 1F,G To better understand the differences between electrical stimulation and optogenetic stimulation, we simulated the light spread in a realistic model of the VTA area ( Fig. 1B) . We found that for 10 mW optical power, in a region of approximately 400 µm radius around the fiber the irradiance reaches at least 10 mW/mm², a value at which the opsins should be fully open (30) . This spatial spread is comparable in magnitude to the electrical activation distance at 60 µA (2).
In the following experimental stage, we calculated -for each individual animal -a pair of matching stimulation intensities below saturation (75% of saturation value of the stimulation modality with the lowest saturation response rate, see Methods). Matched stimulation rates were 314 ± 67 presses per minute for TH::Cre animals and 270 ± 48 for DAT::Cre animals (Fig. 1H) SPECT imaging in TH::Cre animals.
Using the matched stimulation intensities, optogenetic and electrical stimulation induced activation patterns of previously unreported similarity, unlike the differences we observed in a previous study (24) . In TH::Cre mice, we found bilateral activation of the orbitofrontal cortex (OFC) compared to baseline ( Fig. 2A ) during electrical as well as optogenetic stimulation. Furthermore, the medial prefrontal cortex (mPFC) was activated bilaterally during optogenetic as well as electrical stimulation ( Fig. 2A) . The nucleus accumbens (NAc) was activated bilaterally during optogenetic stimulation and ipsilaterally during electrical stimulation (Fig. 2B ). Furthermore, we observed increased activity in the ipsilateral dorsal striatum during electrical but not optogenetic stimulation (Fig. 2C ). The ipsilateral substantia nigra was activated only during optogenetic stimulation. A reward-related area which showed deactivation was the ventral pallidum, with reduced activity in the contralateral hemisphere during electrical stimulation. Similarly to previous studies (22, 24) , we again found no significant activation at the exact fiber position or in the VTA during optogenetic stimulation. In contrast to previous findings, however, the electrical-stimulation-induced neuronal activity was too low to cause significant SPECT activation. A direct test of optogenetic stimulation versus electrical stimulationinduced activations showed significant differences in the ipsilateral orbitofrontal cortex and a region of the posterior dorsal striatum, both of which areas were more strongly activated by electrical 13 stimulation ( Fig. 2 right panels) . In contrast, the interpeduncular nucleus was less activated by electrical versus optogenetic stimulation (Fig. 2D right) . An overview can be found in Table 1 . SPECT imaging in DAT::Cre animals.
In DAT::Cre animals, optogenetic stimulation led to strong activation of contralateral OFC and electrical stimulation led to weaker, albeit bilateral activation of the OFC when compared to baseline (Fig. 3A) . The medial prefrontal cortex was only activated contralaterally during optogenetic stimulation. Both modalities also induced bilateral NAc activity ( Fig. 3B ) and ipsilateral dorsal striatum activation (Fig. 3C) Dissimilar activation patterns can be masked, if the blood flow response is too strong and saturates.
We therefore compared the stimulus-dependent increase in blood flow of the nucleus accumbens in the DAT::Cre mice. We found no significant differences in the increase in tracer concentrationneither regarding the hemisphere nor the stimulation method applied. The mean tracer content in (Fig. 4 ). Hence, both stimulation modalities resulted not only in similar activation patterns but also highly similar absolute response magnitudes.
In summary, optogenetic and electrical stimulation induced activation patterns of previously unreported similarity also in DAT::Cre animals. Particularly, both modalities strongly activated the nucleus accumbens bilaterally, a finding differing distinctly from TH::Cre animals.
Histology.
Immunohistological analysis of the mouse brains revealed ectopic transgene expression in the IPN in TH::Cre mice but not DAT::Cre mice (Fig. 5 ). This finding is in accordance with previous studies,
showing dopamine-specific expression in DAT::Cre mice but not TH::Cre (28).
Discussion
Previous comparisons of optogenetic and electrical stimulation have often resulted in large differences in their respective brain activation patterns (21, 24, 25) . Here we report that for VTA stimulation, behavioral matching of stimulation intensities strongly reduces such differences, indicating that previously reported differences might be due to relative over-or under-stimulation.
Behaviorally, we found that electrical stimulation was able to elicit higher saturating self-stimulation rates in each animal when compared to optogenetic stimulation at maximal intensity. While electrical stimulation works mostly by exciting thin neuronal elements without any genetic specificity (2), optogenetic stimulation restricts excitation to genetically targeted neurons, typically targeting cell bodies (44) . Comparing the activated volume of tissue, we found similar ranges for optogenetic stimulation and electrical stimulation, indicating a greater effectiveness of electrical stimulation at recruiting local neurons. This effect is likely due to the fact that only a fraction of cells in a population are transduced by viral methods (20) , while all neurons are affected by the electrical field.
To match self-stimulation rates between the two modalities, we reduced electrical stimulation currents to comparatively low values (22, 23, 24) . Under these circumstances, only the immediate surround of the electrode is affected by the stimulation and specificity increases. For example, more distant passing fibers from monoaminergic or serotonergic brain stem nuclei-which more anteriorly form the in the medial forebrain bundle-are not activated. Instead, the main class of VTA neurons is primarily affected: dopaminergic cells. This finding has implications for translational applications, e.g.
increasing the number of stimulation electrodes and decreasing the current per electrode might be beneficial to enhance the effectiveness of deep brain stimulation against neurological disorders (45) .
The proposed enhanced specificity of electrical stimulation likely underlies the highly similar activation patterns across stimulation modalities within each mouse line. Both stimulation modalities induced strong medial prefrontal activation and some nucleus accumbens activation in TH::Cre mice, as well as orbitofrontal activation and pronounced accumbal activation in DAT::Cre mice. In the latter, we found no significant differences in the magnitudes of the stimulus-induced blood flow responses under E-stim vs. O-stim conditions. Mean response peak magnitudes in the NAc were in the range of 9 to 12 percent. These response magnitudes are well within the dynamic range of blood flow responses which can increase up to about 30% upon stimulation (46) , and indicate that the lack of differences between E-stim and O-stim is not due to ceiling effects in blood flow response.
While results are similar across modalities, they are not identical. Differences exist in frontal cortex and striatum, depending on the line (DAT::Cre: mPFC and OFC; TH::Cre: striatum and IPN). We speculate that these results are related to stimulation of glutamatergic VTA neurons, a side effect of electrical stimulation but not optogenetic VTA stimulation in the lines used (22, 23, 47) . It should also be noted that due to the relatively weak impact of dopamine on metabolic signals, one would not expect to find the massive, brain wide activations reported for less-specific stimulation of the dopamine system (24, 48) .
To our surprise, we found the main differences in our study not between electrical and optogenetic stimulation, but between the two genetic lines tested, TH::Cre and DAT::Cre mice. In the case of optogenetic stimulation, this difference could be explained by differences in the subset of targeted cells. As described in the introduction, GABAergic cells are co-stimulated in the used TH::Cre line due to unspecific transgene expression in the VTA and neighboring structures (28) . It is therefore not surprising to find differences between both lines upon optogenetic activation of different cellular subsets. For example, the action of GABAergic neurons in combination with excitatory effects may cause shunting inhibition, a known driver of hemodynamic signals (49) .
The more surprising finding is, however, that electrical stimulation shows a difference between DAT::Cre and TH::Cre animals. This is unexpected because electrical influences do not dependent on transgene expression and are therefore similarly unspecific in both lines. An explanation for this finding might be a line-inherent difference in the dopamine system due to transgene insertion at the location of the DAT gene. In contrast to TH::Cre mice, the used DAT::Cre mice are known to have altered levels of dopamine transporter compared to wild type (50) .
We speculate that a further explanation for the found mouse line differences might be differential neural plasticity. In TH::Cre mice, GABAergic cells are always co-stimulated with dopaminergic cells during optical stimulation (28) . Since mapping psychometric curves requires many trials of both electrical and optogenetic stimulation, all mice had undergone extensive optogenetic self-stimulation prior to SPECT scanning. Repeated co-activation of GABAergic and dopaminergic neurons in TH::Cre mice versus much more specific dopaminergic activation in DAT::Cre mice might have therefore altered the dopaminergic network by Hebbian mechanisms. Of course, both processes: inherent mouse line differences and differential plasticity, could be partially involved. It will therefore be interesting to pinpoint the origin of this difference in future studies.
In addition to differences between mouse lines, we also found differences in the laterality of responses. With unilateral VTA stimulation, which we used to allow for behavioral matching, one might expect stimulation-induced activations predominantly on the ipsilateral side. However, most studies in the field used bilateral stimulation and a recent study addressing response lateralization showed clear cross-hemispheric effects of unilateral VTA-stimulation (51) . Our finding of bilateral activations in the NAc of the DAT:Cre mice is in line with this study. In theory, bilateral effects could also form the basis for higher contralateral activations when combined with hemispheric differences in local processing. In this sense, the contralateral activations in the orbitofrontal cortex of the DAT::Cre mice might reflect, or at least be influenced by, functional hemispheric specializations with a bias of reward or value processing to the right side. A point which our study cannot comprehensively address is how optogenetic and electrical stimulation compare in brain areas other than VTA or for different cell types. Obviously, targeting interneurons locally through optogenetic stimulation will have massively different effects from stimulating said region electrically. In addition, very small structures such as the locus coeruleus can be effectively targeted optogenetically but electrical stimulation is challenging (52, 53, 54) . It is therefore critically important to carefully examine each brain system in isolation before drawing conclusions.
Conclusion
We report that matching optogenetic and electrical stimulation of the VTA in regard to the evoked self-stimulation behavior results in surprisingly similar brain activation patterns as measured by SPECT imaging. As a result, previously found large and unspecific effects of electrical VTA stimulation might be explained by relative overstimulation. Our findings further imply that by optimizing stimulation parameters the specificity of electrical VTA stimulation can be enhanced.
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